Abstract This paper refers to the quantification and prediction of the sedimentation rate of 26 hillside-dam reservoirs in Central Tunisia. The objectives of the study are to develop a simple and practical methodology to identify controlling factors of sedimentation, and to propose a regionalization from the study sites. Principal component analysis (PCA) and complementary multi-dimensional statistical methods are used to relate highly variable area-specific sediment yield to hydro-morphometric, lithological, geomorphological and anthropogenic characteristics of catchments. It appears that catchment area is not the main controlling factor of sedimentation in the studied area. The overall slope index, drainage network characteristics and runoff parameters are also important in characterizing sediment yield. Applied to the annual sedimentation rate series, PCA resulted in retaining the first three principal axes, explaining 65% of the total variance. Statistical methods showed that the overall slope index, the total drainage length, the compacity index and the runoff parameters are as important for the sedimentation quantification. This allowed a graphical clustering of the study zone into three distinct groups having similar behaviours: (i) watersheds characterized by high sediment transport rates and high runoff coefficients, (ii) basins distinguished by relatively low values of both flow discharge and sediment transport rates, and (iii) watersheds with an intermediate sediment yield, especially characterized by relatively high relief. In a second step, a multiple regression model including the four characteristic catchment properties was developed, presenting a valuable tool to predict area-specific sediment yield from catchments in central Tunisia. This model shows reasonable efficiency with an absolute prediction error of 81%.
INTRODUCTION
Soil erosion, sediment transport and deposition are serious environmental problems. These processes generally result in reduction of soil production capacity, reservoir siltation, and the instability of channel beds and river banks. Forecasting these processes is therefore an important requirement in land management, and must be satisfied by adopting suitable tools, allowing the evaluation of the related risk. Initiated by the need to quantify erosion rates and to assess the factors that control reservoir sedimentation, several attempts have been made to predict soil erosion. The indirect quantitative assessment of erosion is usually carried out by means of empirical models such as the Universal Soil Loss Equation (USLE, Wischmeier & Smith, 1978) , the Fournier index (Fournier, 1960) , or through bathymetric surveys of artificial reservoirs (Pépin, 1996) . However, most erosion studies still need to be validated, since they mainly focus on soil erosion, rather than on erosion and sediment yield. This makes most of these models of limited use for the assessment of sediment yield and for the control of the off-site impacts of erosion.
Numerous models have been developed worldwide to describe and predict soil water erosion and associated sediment yield, varying considerably in their objectives, and the time and spatial scale involved. Basically, four major categories of sediment yield models can be distinguished. These include semi-quantitative , empirical (Verstraeten and Poesen, 2001 ) conceptual (Young et al., 1989) and physics-based models (Flanagan et al., 2001) . Nevertheless, such models suffer from subjectivity and provide only limited quantitative information, especially on the sources of sediment, the role of the controlling factors and on the interaction between factors (Haregeweyn et al., 2008) .
To overcome these difficulties, sediment yield predictions are presently achieved mainly through conceptual non-parametric methods based on statistical forecast algorithms that combine the mechanics of sediment transport with empirical relationships. These models are based on the functional relationship between independent and dependent variables in order to describe the physical processes controlling the annual sediment yield. This usually results in correlating sedimentation rates and their associated water erosion with easily available geomorphologic, hydrological, physiographic and climatic parameters. Factors used to describe erosion and sedimentation in most models are land use, watershed average slope, precipitation, runoff shear stress, soil cohesion and surface roughness (Tamene, 2006; Grausso et al., 2007) .
The Mediterranean region is particularly prone to erosion as basin sediment yield in these environments is higher than in many other environments worldwide (Woodward, 1995) . Sediment transport in this region is especially difficult to model due to its harsh climate and steep topography. The Mediterranean region is subjected to contrasting climatic influences and different erosion and sediment transport processes and mechanisms, which make modelling quite difficult. Further difficulties are due to spatial heterogeneity and the lack of required data. Moreover, in the semi-arid areas of the Mediterranean the off-site effects, such as floods and reservoir sedimentation, are acute problems, resulting in the slowing of agricultural development and reducing the lifetime of hydraulic structures (de Vente et al., 2005) .
The estimated annual loss in storage capacity of the world's water reservoirs due to sediment deposition is around 0.5 to 1% (Mahmood, 1987) . Nevertheless, for many North African countries, annual siltation rates are much higher and can reach up to 5%, such that hydraulic structures lose the majority of their capacity after only 25-30 years (Kassoul et al., 1997) . In Tunisia, the quantity of sediment trapped in the different hydraulic structures of the country occupied 20% of their initial overall capacity (Abdelhedi, 2000) . These high rates of storage loss represent a serious threat to the economic sustainability of the reservoirs and water resources management strategies.
In this context, the present study deals with the assessment of the determinant factors of sediment yield variability for 26 selected hillside reservoirs located in the Tunisian Dorsal (central Tunisia) over the period [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] . These hydraulic structures, located at different points along the intermittent watercourses, attenuate flood waves, reduce the erosion potential of runoff and protect the dams downstream against rapid siltation. Nevertheless, the criteria for the best choice of potential sites for the implementation of such reservoirs need to be determined, and have important technical and economic benefits in their planning, design and management. Such criteria would be based on maximum runoff volumes and minimum sediment transport rates. Thus there is a need to predict sediment loads and their relationships with watershed physical characteristics and precipitation regime. Therefore, the objectives of the study are: (a) to assess the spatial variability of sediment yield in central Tunisia; (b) to identify its controlling factors using empirical analysis; and (c) to develop sediment yield predictive models.
METHODOLOGY
The adopted methodology employs descriptive analysis of data and complementary multivariable analysis in order to assess the descriptive analysis and identify the relationships between the sediment yield and catchment characteristics. Multivariate analyses were performed using the STATLab version 3.0 software. They include Pearson's correlation, principal component analysis (PCA), and stepwise regression. First, correlation analysis was used to evaluate the cause-effect relationships between a combination of individual catchment environmental variables and corresponding siltation rates. The PCA was then applied to reduce the dimensionality of the data into a few uncorrelated components. The PCA is used to assess the role of different factors in determining sediment yield, and to identify groups of variables and individuals based on their loading. Finally, stepwise regression procedures were considered to develop a predictive regression model that estimates area-specific sediment yield. The simulated results were compared to measured sediment loads using graphical statistical methods.
STUDY AREA
The method described above was applied to data collected from 26 small dams and their corresponding watersheds (Fig 1) . The study zone is located in the semi-arid Tunisian Dorsal region that extends from the Cap Bon in the northeast to the Algerian border in the southwest. These artificial reservoirs, implemented at the outlets of relatively small mountainous catchments, are affected by water erosion and have been chosen by the Tunisian Ministry of Agriculture and Water Resources since 1994 to constitute a network of hydrological observations. The study area is characterized by a moderate Mediterranean climate, with an average yearly rainfall varying between 250 and 500 mm and a mean annual temperature of 18-20 C. The mountains of the Dorsal constitute a climatic barrier, where the southeastern zones are drier than those of the northwest. The climate ranges from sub-humid in the northeastern part of the study zone, where climate is moderated by the sea, to semi-arid in the south, where climate is more contrasted due to continentality and altitude. Precipitation in the study area is highly variable both spatially and temporally. Rainfall may be crudely characterized by its irregularity and erratic distribution leading to either periods of drought or intensive rainy periods.
The topography of the study region is characterized by mountainous relief situated at the interface between the Tell region in the north and the steppes region in the south. In fact, the northeastern part of the study area, Cap Bon, is a region of many hills extending down into rather small plains. The northern Dorsal, known as the high steppes, is represented by lofty mountains and wide hollow dips, cut across by large streams. Finally, the southern Dorsal or the low steppes extends over wide alluvial plains and hills cut across by large creeks.
The geology of the region is essentially dominated by impermeable soils and outcrops of sedimentary rocks, formations that started in the Trias and continued until the Quaternary. Soils of the examined watersheds present versatile lithology and the main rock types encountered are limestone, gypsum, clay, marl, sand, sandstone and conglomerates. These rocks are characterized by different infiltration capacities and different degrees of erodibility. Nevertheless, they are essentially sensitive to erosion as the lithology is mainly marly-limestone in the south and clayeygypsum in the north. As for vegetation, the region has gradually developed from forests, often stunted, and fields of alfa grass into areas that are devoted entirely to agriculture, in which olive trees dominate. To reduce soil loss, widespread conservation efforts, mainly stone-terrace constructions and benches, have been undertaken in many parts of the study region.
DATA USED AND DESCRIPTIVE ANALYSIS

Sediment yield
Quantitative reservoir sediment yield data were acquired for the 26 sites based on regular bathymetric measurements of the hillside reservoirs and monitoring of each reservoir's hydrological balance (Pépin, 1996) . The regular bathymetry of each reservoir is performed at least once every hydrological year (SeptemberAugust), and is compared to a detailed ground survey, making it possible to determine the siltation rate of each reservoir (during the period 1994-2002) to derive level-volume and level-surface relationships.
The bathymetry of the reservoir is measured by localized sampling of the bottom of the reservoir along transverse lines between its shores. The ends of each line are levelled and positioned on the as-built drawing of the reservoir. A digital model of the terrain is constructed. Comparison of the reservoir volumes at discharge level between one measurement and another is used to estimate the amount of material retained. A mean concentration of suspended matter, obtained by sampling, is attributed to the discharged volumes (Albergel et al., 2004) .
Sediment yield between two bathymetric measurements is obtained by adding the mass of soil exported by the discharged liquid flows to the volume of silt retained in the reservoir multiplied by its density:
where SY is the total sediment yield between two bathymetric measurements (t), V s is the measured volume of silt (m 3 ), n is the number of floods that have caused discharges between two measurements, S i is the volume discharged during flood i (m 3 ), C i is the mean measured concentration of suspended matter during flood i (t/m 3 ), and d is the silt density; a mean value of d ¼ 1.3 t/m 3 is used for the small Tunisian reservoirs. Equation (1) was applied to evaluate the siltation rates of Tunisian reservoirs (SOGREAH -ANRH, 1989; Albergel et al., 2001) . Table 1 presents the data sets of sediment yield (SY) and area-specific sediment yield (SSY) for the 26 hillside reservoir catchments. The SSY rates vary between 150 and 2680 t km -2 year -1 , with an average of 1228 t km -2 year -1 . The latter is slightly higher than the African average, estimated at about 1000 t km -2 year -1 (Tamene, 2006) . The disparity between the various values quoted above reflects both the difficulty of measuring mechanical erosion and fluvial suspended sediment transport, and the spatial variability of erosion intensity in response to the harsh and aggressive climate, the poorly vegetated soils and the marked relief. Figure 2 shows the variability of area-specific sedimentation rates within the entire study area. More than half of the hillside reservoirs monitored (73%) showed sedimentation rates higher than the Tunisian soil generation rate of 200-700 t km -2 year -1 (Boufaroua et al., 2006) , which represents the tolerable soil loss, or the maximum rate of soil erosion that permits economically sustainable crop productivity (Renard et al., 1997) . About 15% exhibited rates that range between 200 and 700 t km -2 year -1 and only about 11% of all small reservoirs s gave a rate which does not exceed 200 t km -2 year -1
. The important variability of observed sediment yield data (Fig. 2 ) may be explained by the different catchment sizes on one hand, and the spatial variability of bio-physical factors controlling sediment delivery on the other.
Catchment parameters
Bio-physical catchment characteristics that might control the spatial variability of sediment yield were grouped into four major categories: topography, anthropogenic activities, soil lithology and hydrology.
Each category has multiple inputs. There are four parameters for topography: drainage area (A), a catchment shape index known as the Gravilus compacity index (C i ), a relief parameter known as the overall index slope (G i ) and the total drainage length (L T ). Parameters expressing anthropogenic activities include land-use practices (presented in this study as a fraction of cultivated to forest land, LVC) and soil and water conservation practices (listed here as a percentage of soil conservation works, WSCW). To describe the soils and geology, surface lithology, represented by the fraction of clay/marl area (ERL), was used and served as a proxy to express the erodibility potential. Variables explaining hydrology are runoff depth (R d ) and runoff coefficient (R c ) which characterize the flow erosivity potential.
Physical variables for the main tributary catchments of the study area were derived from digitized maps (topographic map, drainage network map, geologic map, land use and vegetation cover map) obtained by using the ArcView database developed within the HYDROMED research programme. This programme also includes the hydrological database of hillside reservoirs chosen by the Tunisian Ministry of Agriculture and Water Resources since 1994 to constitute a network of hydrological observations (DCES/ IRD, 1994 -2002 . Table 2 , which lists statistics of the most important catchment properties, shows highly variable coefficients of variation. This would imply that the variability of observed sediment yield data is due to the spatial variability of catchment morphology, land use and precipitation regime. The physical characteristics of the 200-700 700-1200 1200-2000 >2000 Area specific sedimentation rate (t/km 2 /yr) Fraction of examined reservoirs (%) Fig. 2 Variability of area-specific sedimentation rates within the 26 hillside reservoirs studied. Figure 3 shows that there is a considerable variability of sediment generation in different areas. Indeed, area-specific sediment yield decreases following a power function with increasing area. However, it is important to note that the obtained correlation coefficient (R 2 ¼ 0.21) is very weak and no clear trend is observed.
The relationship between basin area and SSY for the studied sites can be divided roughly into two groups (Fig. 3) . The first cluster represents the lowest SSY for large areas, whereas the second has intermediate to high SSY values for intermediate areas. This shows that the data sets are not normally distributed (de Vente et al., 2005) and drainage area is not the factor best explaining the area-specific sediment yield variability. Figure 4 shows that area-specific sediment rates increase with the overall slope index following a power function. However, no clear tendency was obtained and the explained variance is very weak. Figure 4 can be divided into two clusters: the first represents the lowest SSY, which corresponds to moderate topography; the second group refers to high-relief basins with steep slopes having moderate to high SSY. Figure 5 indicates that sedimentation rates increase with an increase in runoff depth and consequently runoff coefficient following a logarithmic function. This relationship is associated with a relatively higher coefficient of determination (R 2 ¼ 0.45). Based on Fig. 5 , the studied area can be divided into two parts. The first group refers to the lowest SSY having weak inflow patterns, while the second class corresponds to the highest SSY characterized by important runoff and precipitation regimes.
It is important to note at this stage that almost the same clusters were found in Figs 3, 4 and 5. This may 
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be explained by the fact that sediment yield is influenced by the climatic regime, the continentality (elevation index) and the geographical context. Indeed, a significant proportion of the examined hillside reservoirs have an important abrasion rate that depends on precipitation, drainage area, soil lithology, inflow and relief. Most of the small dams are located in the centre and the northeastern part of the study area. Other hillside reservoirs are characterized by moderate to low depletion rates, corresponding to zones with moderate physiographic characteristics, a semi-arid climate, more vegetation and intense water harvesting works. These are the sites located at the exposed sides of the Dorsal mountain chains and in the plateau zones where the climate is moderated by the sea.
Table 2 also shows that the coefficients of variation corresponding to runoff parameters are very close to 1, implying that area-specific sediment yield is mostly dependent on runoff depth and runoff coefficient. In fact, runoff parameters depend intrinsically on lithology, geology, vegetation cover, hydrology and the rainfall-runoff relationship.
From this descriptive study, it emerges that the relationships between the area-specific sediment yield and the explanatory parameters taken into account, are not conclusive and have a nonlinear and complex character.
Since one single catchment property alone cannot explain a large part of the observed variation in sediment yield, and as it is difficult to separate the effects of the different factors, it may be necessary to refine the study through complementary statistical analysis.
STATISTICAL ANALYSIS Correlation analysis
A total of 11 variables (nine selected estimators given in Table 2 and three output estimators: SSY, SY and logSSY) were used to construct the correlation matrix. The threshold of significance resulting from a Pearson test for p < 0.05 was found to be 0.2. This yielded a moderately significant distribution of 70%, corresponding to 104 significant relationships out of a total of 144. Table 3 displays the summary statistics of the significant relationships. Besides total annual sediment yield (SY), the area-specific sediment yield (SSY) and logarithmic area-specific sediment yield (logSSY) were also used. In fact, because of the high variability of SSYvalues, a logarithmic transformation of SSY data was adopted. Table 3 shows that SSY and logSSY decrease with increasing catchment area. This agrees with other studies (Frigui, 2001; Verstraeten, 2001 ) and can be explained by the concept of sediment sources and sediment sinks (Walling, 1983) . With increasing drainage area, the fraction of less steep slopes where sediment deposition occurs will increase and less sediment will be produced. Therefore, the relative proportion of sediment sources decreases with increasing catchment area. This is the case of El Gouazine watershed, which has the smallest average SSY and the largest area.
Although catchment area explained 55% of the variation in total logSSY, 45% remains unexplained. This indicates that catchment area behaves as a blackbox parameter (Verstracten et al., 2001) , since it does not give a deterministic explanation for the observed sediment yield. Catchment area serves then as an aggregated variable of many parameters that influence erosion and sediment delivery. In fact, drainage area is positively correlated with the compacity index (C i ) and drainage length (L T ), water soil conservation works (WSCW) and land vegetation cover (LVC). However, it is negatively correlated with overall slope index (G i ), runoff coefficient (R c ), runoff depth (R d ) and area-specific sediment yield (SSY). It should be mentioned that L T reflects a high sediment transport connectivity and potential river channel erosion as an important source of sediment .
An acceptable positive correlation between logSSY and the overall slope index is obtained. A high relief corresponds to a more pronounced topography and thus to a high erosion risk, reflecting the potential energy available for soil erosion and sediment transport by runoff waters. Runoff depth, runoff coefficient and soil lithology (ERL) are positively correlated with SSY. These parameters play an important role in the siltation of reservoirs. Besides, R d and R c have negative correlation with WSCW, since the conservation and afforestation efforts have been concentrated on steep slopes to reduce flow velocities, attenuate peak flows and consequently minimize sediment yield potential. In fact, the complexities of water erosion processes in central Tunisia are explained by significant soil heterogeneity, scattered or nonexistent vegetation and rainfall variability. It should be noted that some of the catchments show lower sediment yields despite their steep terrain because catchment management practices have significantly reduced erosion.
This descriptive multivariate analysis revealed that it is difficult to separate the effects of different factors affecting siltation rates. However, this analysis showed that overall index slope (G i ), drainage length (L T ), rainfall depth (R d ) and runoff coefficient (R c ) are the most significant parameters affecting SSY and SY.
Principal component analysis, PCA
Principal component analysis applied to the 26 individuals (catchments) and 11 variables shows that the first three components account for about 65% of the total variance (Table 4 ). The eigenvalues associated with the first and second PC axes represent 53%, while the third axis accounts for 12% of the total variance. Figure 6 shows that the first principal component, PC1, is essentially associated with SY, SSY, logSSY and G i , which are significantly correlated and negatively correlated to properties related to drainage network and catchment area (L T , A). Therefore, PC1 represents network hierarchy and terrain relief related factors. The second principal component, PC2, representing 18% of the total variance, is mainly composed of runoff parameters (R d , R c ). This axis characterizes the aggressive rainfall impact and high elevation differences. Land vegetation cover (LVC) and soil conservation works (WSCW) are also negatively correlated through PC2 to SSY and R d . These latter parameters together have antagonistic roles on sediment yield, as the presence of vegetation cover or forest coupled with conservation efforts tends to reduce erosion.
The set of variables in PC3 (Fig. 7) is mainly composed of erodible lithology, ERL. This parameter is negatively correlated to SSY, SY and logSSY. This axis reveals the effect of ERL on spatial variability of the area-specific sediment yield. In fact, marly soils are characterized by a high erodible lithology. Similar observations are reported elsewhere (e.g. Lahlou, 1988; Phippen & Wohl, 2003) . Moreover, the Gravilus compacity index (C i ), which represents the shape of the watersheds, is more pronounced through PC3. According to Suresh (2002) , the spatial variability of SSY among catchments can also be controlled by a form factor, an index for the shape of the catchment. This means that the reducing effect on SSY of the less compact catchments and longer travel distances is counterbalanced by steeper slope gradients.
Step-wise regression between the PCs and logSSY selected the first three components. The model that best explains the variability in sediment yield from these PCs is:
where PC1, PC2 and PC3 are factor loadings of the significant principal components. According to the coefficients in equation (2), sediment yield is more sensitive to changes in drainage network and relief factors (PC1) than to changes in land use, runoff parameters and lithology (PC2 and PC3). Figure 8 displays the projection over the two PCs of the individuals within the PC spaces. This figure shows that sites with low values of G i correspond to low sediment yield while those with high G i values correspond to high sediment yield, which is the case of sites located in the eastern upper part of PC1 (sites no. 1, 3, 5, 7, 9, 10, 12, 32) . On the other hand, Fig. 8 indicates that sites with low proportions of vegetation cover and forest and less resistant lithology correspond to high sediment yield. As for the sites (14, 13, 19, 25, 31) placed in the western upper part of PC2, they have relatively dense surface cover and more resistant surface. These sites are also characterized by their dense developed drainage network. The Saadine-2 (2), Saadine (18), Kamech (21) and Jannet (8) basins occupy the lowest end of the PC2 due to their less resistant lithology, broken relief and the presence of intensive erosion dynamics. Finally, El Gouazine (6) watershed is located at the lowest end of PC1 because of its large area.
Separate effects of the different factors are difficult to assess and a cluster analysis for the different sites seems to be necessary. These differences are likely due either to the hydraulic regime of most central Tunisian watercourses (typical of semi-arid regions) or to hidden factors (e.g. topography, human impact and concentrated erosion), which can greatly affect the processes of sediment production and transport (Grausso et al., 2008) . Based on the interpretation of Fig. 8 , catchments can be clustered into three groups: (i) watersheds characterized by high sediment transport rates (T a > 1800 t km -2 year -1 ) and high flow coefficients favoured by moderate areas, steep slopes and marly to clayish soils; (ii) basins having low values of both flow coefficients and sediment transport rates (T a < 900 t km -2 year -1 ), influenced by either their large area and high drainage length (sites 6 and 13), or by their small area and average drainage length, extended watershed form, moderate slope, small outcrops and soil conservation features (ridges and benches); and (iii) watersheds with an intermediate character (900 < T a < 1800 t km -2 year -1 ), especially influenced by the relatively high relief and marly to clayish soils.
Stepwise regression analysis
A stepwise regression analysis was carried out using the adopted parameters for all selected reservoirs in H1 (9) H2 (9) H3 (9) H4 (9) H5 (9) H6 (9) H7 (9) H8 (9) H9 (9) H10 (9) H11 (9) H12 (9) H13(9) H14 (9) H15 (9) H16 (9) H17 (9) H18 (9) H19 (9) H20 (9) H21 (9) H22 (9) H25 (9) H26 (9) H31 (9) H32(8) Fig. 8 Projection of studied sites over the first factorial plane.
order to further explore the role of factors affecting the variation in specific sediment yield. The number of explanatory variables (11) is lower than the number of cases (26) to avoid the problem of inflated R 2 . Calibration was performed based on the observed data (SSY, SY and log SSY) in the 26 studied sites for different periods of investigation from 1994 to 2001. This resulted in a total of 149 cases. The following models explain most of the variation in observed sediment yield:
with R 2 ¼ 0.85 and n ¼ 149.
with R 2 ¼ 0.77 and n ¼ 149.
with R 2 ¼ 0.94 and n ¼ 149. It can be observed that the three equations have generally the same variables: C i , L T , G i , and R d or R c . Catchment area, which is generally present in existing Tunisian regression models, is only present in equation (4). Equation (5) has embedded lithology and land cover variables. The Gravilus compacity index reflects the stretched form of most of the catchments. This factor, characterizing the shape of the catchments, was used by Haregeweyn et al. (2008) . The drainage length was used only in a few studies, such as Verstraeten et al. (2001) and de Vente et al. (2007) . As for the overall slope index, it integrates the high elevation difference of the catchments considered. Other studies have used elevation difference or average catchment slope instead of G i to characterize topography (Tamene, 2006; Haregeweyn, 2008) . Finally, runoff depth, R d , describes the runoff patterns of the studied watersheds, which depend intrinsically on vegetation cover, soil permeability, slope and the nature of the drainage network.
The obtained models need to be validated. The best way to test the validity of a model is to measure its aptitude for reproducing observed data. In the present work, the validation exercise was performed based on the observed data (SSY, SY and logSSY) for the hydrological year 2001-2002, which was not included in the training. The R 2 values of observed vs predicted SSY, SY and logSSY for the validation data set were 0.81, 0.77 and 0.70, respectively. The model presented by equation (3) gave quite reasonable estimates of sediment yield, with a limited number of explanatory variables, and may be considered more appropriate and more robust. Therefore it can be used in similar study areas, for planning purposes such as the estimation of annual sedimentation rates.
The scattergram in Fig. 9 , shows a reasonably good agreement between the observed and simulated area-specific sediment yield obtained by equation (3). The model illustrates that the four independent variables in equation (3) yield significantly more information about the sediment delivery potential of the studied catchments than catchment area. Therefore, more attention is paid to the spatial distribution of erosion and delivery processes in each catchment of central Tunisia.
The variation in observed SY and logSSY that cannot be explained by equations (4) and (5) might be attributed to the following: (a) there are errors in measured sediment yield and a lack of data for some sites in the period of investigation; (b) not all of the influencing properties are known and studied; (c) the spatial distribution of influencing properties is not incorporated; and (d) no attention is paid to small anthropogenic landscape elements, e.g. field borders, or tillage direction, which can have a significant impact on sediment production and delivery.
This study has stressed the limitations of spatiallyand temporally-lumped parameters, which fail to reproduce the distributed and time-varying nature of erosion and sediment transport. This inherently limits their application to practical problems such as the evaluation of the impacts of different land management strategies and climate changes on sediment delivery.
Because of sedimentation problems that endanger the performance and sustainability of reservoirs, the lifetime of these small dams located in mountainous regions in central Tunisia may vary between 5 and 20 years (which emphasizes the need to develop techniques for sedimentation management), but is expected to be more than 100 years for large reservoirs (Albergel et al., 2004; Ben Mammou et al., 2007) . Therefore, spatially-distributed erosion and sediment delivery models are needed to overcome these problems. However, extended data sets on sediment yield are necessary to calibrate and validate these models.
CONCLUSIONS
Major factors affecting erosion and siltation in small reservoirs in central Tunisia were identified. Various morphological catchment properties, land use, surface lithology and climatic parameters were analysed to explain the large variability in sedimentation rates. It was concluded that catchment area cannot serve as an aggregated variable to represent the sediment yield potential of the study region. The overall geomorphology, drainage length and runoff properties are also important in characterizing sediment yield.
Statistical analyses were performed to assess the role of different catchment variables in the sediment yield of reservoirs. Applied to the annual sedimentation rate series, three principal components were found to be significant, explaining 65% of the total variance. This analysis showed that the Gravilus compacity index, overall catchment geomorphology, presented by the overall index slope, drainage length and runoff depth explain most of the variability in sediment yield. This allowed a spatial clustering of the study zone into three distinct groups: (i) watersheds characterized by high sediment transport rates and high runoff coefficients, (ii) basins distinguished by relatively low values of both flow coefficients and sediment transport rates, and (iii) watersheds with an intermediate character especially characterized by relatively high relief.
Multiple regression models for the prediction of sediment yield in the study area were developed. Area specific sediment yield (SSY) can be predicted by measuring only four characterized catchment properties (C i , L T , G i and R d ) with an efficiency of 0.81. This model can be considered as a valuable tool for prediction of SSY when planning new reservoirs in mountainous regions of central Tunisia. The prediction of the total sediment yield (SY) and logSSY show a reasonable accuracy with an efficiency of 0.77 and 0.70, respectively. The less predictive potential of these models can be attributed to the high variability of sediment yield between the study catchments. This high variability can be explained by the variability of the controlling factors between catchments. However, extended data sets on sediment yield are necessary to calibrate and validate these models
